Abstract We have previously shown that methionineheme iron coordination is perturbed in domain-swapped dimeric horse cytochrome c. To gain insight into the effect of methionine dissociation in dimeric cytochrome c, we investigated its interaction with cyanide ion. We found that the Soret and Q bands of oxidized dimeric cytochrome c at 406.5 and 529 nm redshift to 413 and 536 nm, respectively, on addition of 1 mM cyanide ion. The binding constant of dimeric cytochrome c and cyanide ion was obtained as 2.5 9 10 4 M -1 . The Fe-CN and C-N stretching (m Fe-CN and m CN ) resonance Raman bands of CN --bound dimeric cytochrome c were observed at 443 and 2,126 cm -1 , respectively. The m Fe-CN frequency of dimeric cytochrome c was relatively low compared with that of other CN --bound heme proteins, and a relatively strong coupling between the Fe-C-N bending and porphyrin vibrations was observed in the 350-450-cm -1 region. The low m Fe-CN frequency suggests weaker binding of the cyanide ion to dimeric cytochrome c compared with other heme proteins possessing a distal heme cavity. Although the secondary structure of dimeric cytochrome c did not change on addition of cyanide ion according to circular dichroism measurements, the dimer dissociation rate at 45°C increased from (8.9 ± 0.7) 9 10 -6 to (3.8 ± 0.2) 9 10
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Introduction
Cytochrome c (Fig. 1a) is an electron transfer heme protein in the respiratory chain of mitochondria. Cytochrome c is globular and contains three long a-helices [1, 2] . Two axial ligands, His18 and Met80, are coordinated to the heme iron of cytochrome c. Met80 readily dissociates from the heme iron in oxidized cytochrome c, and instead exogenous ligands such as cyanide ion, azide ion, imidazole, pyridine, and various other anions have been reported to coordinate to the heme iron [3] [4] [5] [6] [7] . At alkaline pH, Met80 of cytochrome c has been shown to dissociate from the heme iron and instead Lys72, Lys73, or Lys79 coordinates to the heme iron [8] [9] [10] [11] . Cytochrome c also triggers apoptosis by an increase in peroxidase activity on interaction with cardiolipin [12] . It has been reported that enhancement of the peroxidase activity in cytochrome c by the interaction with cardiolipin is due to the dissociation of Met80 from the heme ion [13] . According to resonance Raman and fluorescence measurements, the heme ligands of cytochrome c have been shown to exchange during unfolding and folding [14] [15] [16] [17] . We have previously shown that horse cytochrome c forms polymers by successive domain swapping at the C-terminal helix, and Met80 dissociates from the heme iron in oligomeric cytochrome c (Fig. 1b ) [18, 19] . Peroxidase activity of the dimer compared with the monomer has also been shown to increase owing to the dissociation of Met80 from the heme iron [20] . However, in a domain-swapped dimer of Hydrogenobacter thermophilus cytochrome c-552, which is smaller than mammalian cytochrome c and consists of 80 amino acids, its N-terminal a-helix together with the heme was exchanged between protomers, and methionine and histidine were coordinated to the heme iron [21] . Cyanide ion forms a stable complex with the ferric heme iron in heme proteins, allowing it to be used as a probe of the active site character. Cyanide ion has been shown to bind to oxidized cytochrome c at relatively high concentration (approximately 50 mM) [5, 22] . Binding of cyanide ion to cytochrome c is sensitive to the stability/flexibility of its heme region [23] , and cyanide ion has been reported to bind to the alkaline isomer and acid-induced conformation of cytochrome c [24, 25] . On binding of cyanide ion to the heme iron in cytochrome c, the backbone of amino acid residues 77-85 shifts away from the heme, widening the heme crevice with a concomitant shift at the residues with numbering in the 50s [26] .
The number of studies on domain swapping has been increasing [27] [28] [29] [30] . It has been assumed that because the monomer and dimer share the same structures except the hinge loop, the free energy difference between the monomer and dimer in domain swapping is small, with a high energy barrier in between [21, 31, 32] . This energy barrier can be reduced by a change in pH [31] , mutation in the protein [33] [34] [35] [36] , or treatment with denaturants [18, 32, 35, 37] . However, knowledge of the factors which control the stability of domain-swapped oligomers is limited. Since the heme in dimeric cytochrome c has a water-coordination site [18] , we investigated binding of cyanide ion to domainswapped dimeric cytochrome c to gain insight into the cytochrome c's ligand binding properties, which may be related to its function and aggregation. We show that cyanide ion binds to the heme iron of dimeric cytochrome c, and the binding of cyanide ion accelerates dissociation of dimeric cytochrome c to monomers.
Materials and methods

Preparation of dimeric cytochrome c
Dimeric horse cytochrome c in its oxidized state was prepared by dissolving about 100 mg of monomeric horse heart cytochrome c (Wako, Osaka, Japan, or SigmaAldrich) in 10 mL of 50 mM potassium phosphate buffer, pH 7.0, followed by addition of ethanol up to 60 % (v/v) at 4°C. Cytochrome c precipitated on addition of ethanol, and the precipitate was collected by centrifugation (8,000g) at 4°C for 20 min. The precipitate was lyophilized and subsequently dissolved in 10 mL of 50 mM potassium phosphate buffer, pH 7.0, at room temperature. After incubation at 37°C for 60 min, the cytochrome c solution containing dimeric cytochrome c was filtered (Millipore, pore size 0.45 lm). Dimeric cytochrome c was purified by gel chromatography (HiLoad 26/60 Superdex 75, GE Healthcare) using a fast protein liquid chromatography (FPLC) system (BioLogic DuoFlow 10, Bio-Rad, Hercules, CA, USA) (flow rate 0.8 mL/min, monitoring wavelength 409 nm, solvent 50 mM potassium phosphate buffer, pH 7.0, temperature 4°C). Potassium ferricyanide (Wako, Japan) (10 equiv with regard to the heme) was added to the dimeric cytochrome c solution. After the addition, potassium ferricyanide was removed from the protein solution with a DE52 column (Whatman, UK) with 50 mM potassium phosphate buffer, pH 7.0. Purified dimeric cytochrome c was used immediately after purification for analyses.
To obtain the extinction coefficient of dimeric cytochrome c, we obtained the absorbance ratio of the cytochrome c solution from the absorbance before and after dissociation of dimeric cytochrome c by heating its solution at 70°C for 5 min. The extinction coefficient of Fig. 1 Structures of monomeric (a) (Protein Data Bank ID 1HRC) and dimeric (b) (Protein Data Bank ID 3NBS) horse cytochrome c. Each protomer in dimeric cytochrome c is depicted in red and blue. The hemes, His18, and Met80 are shown as stick models in gray, green, and yellow, respectively. The N-and C-termini and the N-and C-terminal helices are labeled as N, C, a N , and a C , respectively dimeric cytochrome c (heme unit) was obtained as 1. 2 9 10 5 M -1 cm -1 at 406.5 nm using the reported extinction coefficient [38] for the monomer, which was obtained by dissociation of the dimer. The concentration of dimeric cytochrome c was adjusted using its extinction coefficient at 406.5 nm.
Optical absorption measurements
Binding of cyanide ion to oxidized dimeric horse cytochrome c was monitored at 20°C, with the optical absorption spectra obtained with a UV-2450 spectrophotometer (Shimadzu, Japan) using a quartz cell with a path length of 1 cm. The concentration of dimeric cytochrome c was adjusted to 10 lM (heme unit). Potassium cyanide (Wako, Japan) was added to dimeric cytochrome c in 50 mM potassium phosphate buffer, pH 7.0 (final cyanide ion concentration 0.01-0.5 mM). Cytochrome c solution was incubated with cyanide ion at room temperature for 1 h before each measurement.
Resonance Raman measurements
Resonance Raman scattering of oxidized dimeric horse cytochrome c in the presence and absence of cyanide ion was induced by excitation at 413.1 nm with a Kr 
Circular dichroism measurements
Circular dichroism (CD) spectra of oxidized monomeric and dimeric horse cytochrome c (10 lM, heme unit) were measured at room temperature with a J-725 CD spectrophotometer (JASCO, Japan) using a quartz cell with a path length of 1 mm. Monomeric and dimeric cytochrome c solutions were prepared with 50 mM potassium phosphate buffer, pH 7.0. Dimeric cytochrome c was incubated with 1 mM potassium cyanide at room temperature for 1 h before measurement of its CN -complex.
Thermostability of dimeric cytochrome c with cyanide ion
Dissociation of oxidized dimeric horse cytochrome c in the presence and absence of 1 mM potassium cyanide was investigated by size-exclusion gel chromatography (Superdex 75) using the FPLC system (BioLogic DuoFlow 10) (flow rate 0.2 mL/min, monitoring wavelength 412 nm, solvent 50 mM potassium phosphate buffer, pH 7.0, temperature 4°C). The isosbestic wavelength (412 nm) between the absorption spectra of monomeric and dimeric cytochrome c was chosen as the monitoring wavelength. The cytochrome c solution was analyzed by gel chromatography after incubation of the solutions at 45°C in the presence and absence of cyanide ion for 0, 1, 2, 4, and 8 h. The peak areas in the FPLC elution curves were obtained by fitting the peaks with the 100 % dimer and monomer curves using the program Igor Pro 6.0 (WaveMetrics, Portland, OR, USA).
Differential scanning calorimetry measurements
Differential scanning calorimetry (DSC) thermograms of oxidized monomeric and dimeric horse cytochrome c (100 lM, heme unit) in 50 mM potassium phosphate buffer, pH 7.0, were measured in the presence and absence of 1 mM potassium cyanide with a VP-DSC calorimeter (GE Healthcare). The protein solution was degassed for 2-3 min at 25°C before measurements. The DSC scan rate was 1°C/min.
Results
Optical absorption spectra of dimeric cytochrome c in the presence of cyanide ion
The Soret band of oxidized dimeric horse cytochrome c at 406.5 nm redshifted to 413 nm on addition of cyanide ion, and the shift was completed at about 1 mM cyanide ion (Fig. 2a) . The Q band at 529 nm of oxidized dimeric cytochrome c redshifted to 536 nm on addition of cyanide ion (Fig. S1 ). Although it is known that cyanide ion binds to monomeric cytochrome c at a high cyanide ion concentration of about 50 mM, causing similar redshifts in the Soret and Q bands [3, 5, 6] , no significant change was observed in the absorption spectrum of monomeric cytochrome c on addition of 1 mM cyanide ion (Fig. S2) . Difference absorption spectra were calculated by subtracting the spectrum of dimeric cytochrome c in the absence of cyanide ion from the spectra of dimeric cytochrome c in the presence of cyanide ion. Negative and positive peaks were observed at 402 and 417 nm, respectively, in the difference spectra, with an isosbestic point at 410.6 nm (Fig. 2a, inset) . These results indicate that cyanide ion binds to the heme iron in dimeric cytochrome c at cyanide concentrations lower than that necessary for binding to monomeric cytochrome c, owing to dissociation of methionine from the heme iron in the dimer.
Resonance Raman spectra of the CN -complex of dimeric cytochrome c Resonance Raman scattering of oxidized dimeric horse cytochrome c was induced by excitation at 413.1 nm in the presence and absence of 1 mM cyanide ion (Fig. 3) . The m 2 (spin-state marker), m 3 (coordination-number marker), and m 4 (oxidation-state marker) bands [39] [40] [41] [42] were observed at 1,586, 1,504, and 1,373 cm -1 , respectively, in the Raman spectrum of dimeric cytochrome c in the absence of cyanide ion (Fig. 3a, curve a) . These frequencies are characteristic of the spectra of six-coordinate ferric low-spin species. A small change or no change was observed in the frequencies of the m 2 (1,587 cm -1 ), m 3 (1,504 cm -1 ), and m 4 (1,373 cm -1 ) bands on addition of 1 mM cyanide ion, showing that dimeric cytochrome c maintained the sixcoordinate ferric low-spin character in the presence of cyanide ion (Fig. 3a, curve b) .
Resonance Raman spectra of oxidized dimeric horse cytochrome c in the presence of 1 mM 12 C 14 N -, 13 C 14 N -, or 12 C 15 N -in the low-and high-frequency regions exhibited isotope-sensitive bands (Figs. 3b, c) (Fig. 3b , curves d and e). These properties in the difference Raman spectra are characteristic of the spectra of CN --bound heme proteins, in which the Fe-C-N bending (d FeCN ) mode couples with porphyrin vibrational modes [43, 44] . The bands of ferric cytochrome c at 349, 359, 380, 397, and 412/418 cm -1 have been assigned to porphyrin m 8 and m 50 , propionate bending, cysteine side chain bending, and ethyl bending modes, respectively [42, 45] . We assign the CN --bound dimeric cytochrome c bands at 343, 371 and 393 cm -1 to m 8 , heme propionate bending, and cysteine side chain bending modes, respectively. The heme propionate and cysteine side chain bending modes seem to vibrationally couple with the d FeCN mode in CN --bound dimeric cytochrome c, whereas the in-plane symmetric m 8 mode seems not to couple with the d FeCN mode.
In the high-frequency region, positive and negative peaks at 2,126 and 2,078 cm -1 , respectively, were observed in the difference spectrum obtained from the spectra of 12 C 14 N --bound and 13 C 14 N --bound dimeric cytochrome c (Fig. 3c) . These frequencies are in good agreement with the C-N stretching (m CN ) frequencies of CN --bound myoglobin observed with IR [46] and resonance Raman ( 12 C 14 N --bound myoglobin; 2,127 cm -1 ) [43] measurements, and we assign this band to the m CN mode of CN --bound dimeric cytochrome c.
Secondary structure of dimeric cytochrome c in the presence of cyanide ion
The CD spectrum of dimeric cytochrome c exhibited negative peaks at 209 and 222 nm, which are characteristic of an a-helical structure (Fig. 4) . Small changes in the intensities of the 209-and 222-nm negative peaks were observed compared with the spectrum of the monomer, owing to the structural change at the hinge loop [18] . However, the CD spectrum of dimeric cytochrome c did not change on addition of 1 mM cyanide ion, showing that the secondary structure of dimeric cytochrome c was not affected by binding of the cyanide ion to the heme.
Effect of cyanide ion on dissociation of dimeric cytochrome c
Dissociation of oxidized dimeric horse cytochrome c to monomers in the presence and absence of cyanide ion was monitored by size-exclusion gel chromatography (Fig. 5) . Dimeric cytochrome c dissociated to monomers at 45°C with a rate constant of (8.9 ± 0.7) 9 10 -6 s -1 , whereas the rate constant increased about four times in the presence of 1 mM cyanide ion [(3.8 ± 0.2) 9 10 -5 s -1 ]. These results show that binding of cyanide ion to the heme iron accelerates dissociation of dimeric cytochrome c. The interaction between the protomers in dimeric cytochrome c may become weaker by the binding of the cyanide ion owing to steric repulsions between the bound cyanide ion and the protein surroundings. On dissociation of dimeric cytochrome c to monomers, the Soret band shifted back to 409 nm and the intensity of the 695-nm band characteristic of the methionine-heme coordination recovered (Fig. S3) , showing that the cyanide ion dissociated from the heme when the dimer dissociated to monomers.
DSC thermograms of oxidized dimeric horse cytochrome c were measured in the presence and absence of 1 mM cyanide ion to investigate the effect of cyanide ion on protein stability (Fig. 6) . A negative peak was observed around 58°C in the thermogram of dimeric cytochrome c, whereas no peak was observed in that of the monomer. The peak temperature (T m ) represents the dissociation temperature of dimeric cytochrome c to monomers, and the peak area corresponds to the enthalpy change (DH) on dissociation. T m was obtained as 58.4 ± 0.4°C for dimeric cytochrome c and decreased to 56.6 ± 0.2°C on addition of 1 mM cyanide ion, showing that the dissociation temperature of dimeric cytochrome c decreases on addition of cyanide ion. These results were in agreement with the results of size-exclusion gel chromatography, showing that cyanide ion accelerates dissociation of dimeric cytochrome c. However, the DH value was obtained as -40 ± 2 kcal/mol in the absence of cyanide ion as previously reported [18] , and changed to -21 ± 2 kcal/mol on addition of 1 mM cyanide ion.
Discussion
The binding constant of cyanide ion and dimeric cytochrome c was obtained to estimate the cyanide affinity. We defined DDAbs as the difference between the absorption changes at 402 and 413 nm on cyanide ion binding, and DDe as that between the absorption coefficient changes at 402 and 413 nm on binding. The DDAbs values obey the following equation [47] : 
where l represents the cell path length, [dimeric cyt c] and [CN -] represent the concentrations of dimeric cytochrome c and cyanide ion, respectively, and K i represents the association constant for dimeric cytochrome c (heme unit) and cyanide ion. The values of DDe and K i were obtained by least-squares fitting of the plot of DDAbs versus cyanide ion concentration with Eq. 1 (Fig. 2b) . The binding constant of dimeric cytochrome c and cyanide ion was obtained as 2. 5 9 10 4 M -1 , whereas the binding constant of ferric myoglobin and cyanide ion has been reported as 1.4 9 10 7 M -1 [48] . The binding constant of dimeric cytochrome c and cyanide ion was about 1/1,000 that of myoglobin, presumably because cytochrome c lacks a distal heme cavity and the bound cyanide ion suffers steric hinderance from the protein surroundings.
Although the m CN frequency of CN --bound dimeric cytochrome c was very close to that of other CN --bound heme proteins [43, 46, 49] , the m Fe-CN frequency was lower than that observed in other CN --bound heme proteins, such as myoglobin, hemoglobin, and horseradish peroxidase (452-454 cm -1 ) (Fig. 3b, c ) [43, [50] [51] [52] . These results indicate a weaker binding of cyanide ion to the heme in dimeric cytochrome c compared with other heme proteins, which is in agreement with the smaller binding constant for the CN -complex of dimeric cytochrome c compared with myoglobin.
The Fe-C-N unit is linear and cyanide ion favors binding perpendicular to the heme plane in model compounds according to X-ray crystal analyses [53] . The Fe-C-N unit is approximately linear in CN --bound monomeric ferric horse cytochrome c (Fe-C-N angle of 177°) [Protein Data Bank (PDB) ID 1I5T] [26] . The approximately linear structure of the Fe-C-N unit has also been detected in several CN --bound heme proteins, including myoglobin (Fe-C-N angle of 166°) (PDB ID 1EBC) [54] and nitrophorin (Fe-C-N angle of 173°) (PDB ID 3NP1) [55] . However, in Chlamydomonas hemoglobin, the Fe-C-N structure is highly distorted in a bent structure (Fe-C-N angle of 130°), with a hydrogen bond formed between the cyanide ion and the glutamine side chain in the heme pocket (PDB ID 1DLY) [56] , and the m Fe-CN band has been detected at a relatively low frequency, 440 cm -1 [57] . It has been reported that when the Fe-C-N unit adopts a bent structure, the m Fe-CN and d FeCN modes are vibrationally mixed with each other, and both modes of the 13 (Fig. 3b) . These results indicate that the Fe-C-N unit in dimeric cytochrome c also adopts a relatively linear conformation. CN --bound ferric myoglobin has been shown to exhibit an Fe-C-N angle of 166°, with a hydrogen bond between the bound cyanide ion and the imidazole ring of the distal histidine (PDB ID 1EBC) [54] . It has been reported that Tyr67 forms a hydrogen bond with the bound cyanide ion in CN --bound ferric Met80Ala yeast iso-1-cytochrome c [59] [60] [61] and horse cytochrome c [26] . From the crystal structure of dimeric cytochrome c (PDB ID 3NBS), Tyr67 is also the nearest amino acid to the heme. Therefore, Tyr67 may create a hydrogen bond with the cyanide ion in dimeric horse cytochrome c.
It has been shown that the side chains of the aromatic residues in the distal pocket of CN --bound ferric Met80Ala yeast iso-1-cytochrome c exhibit similar orientations to those of wild-type yeast iso-1-cytochrome c [59] , whereas amino acid residues 77-85 in CN --bound ferric horse cytochrome c shift away from the heme, with a widening of the heme crevice compared to the native ferric form owing to steric interaction between the bound cyanide ion and the long side chain of Met80 [26] . The side chain of Phe82 is also located relatively close to the heme in dimeric cytochrome c (PDB ID 3NBS); therefore, steric interaction may exist between the bound cyanide ion and its protein surrounding region containing Met80 and Phe82 in CN --bound dimeric cytochrome c, and enhance dissociation of the dimer to monomers.
There was no significant change in the secondary structure of dimeric cytochrome c on addition of cyanide ion according to the CD spectra (Fig. 4) , although cyanide ion was bound to the heme in CN --bound dimeric cytochrome c according to resonance Raman measurements (Fig. 3) . These results show that the a-helices of the dimer did not unfold on binding of cyanide ion. The change in DH on dissociation of dimeric cytochrome c to monomers became smaller on addition of cyanide ion according to the DSC measurements (Fig. 6) , indicating that dimeric cytochrome c was enthalpically stabilized by the cyanide binding to the heme iron. Although dimeric cytochrome c was stabilized by coordination of a cyanide ion to the heme iron, dissociation of dimeric cytochrome c to monomers became faster and T m for the dissociation decreased by about 2°C on addition of cyanide ion (Figs. 5, 6 ). Therefore, the activation energy of dimer dissociation may decrease owing to the interaction of cyanide ion with the protein surroundings in the dimer. In fact, a structural change has been shown to occur on binding of cyanide ion to monomeric cytochrome c, in which the backbone of amino acid residues 77-85 of cytochrome c shifts away from the heme, with a widening of the heme crevice [26] . Although cyanide binding did not cause a large change in the protein structure of dimeric cytochrome c, the bound cyanide ion interacted with the protein surroundings and accelerated the dissociation of the dimer.
